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esponsibility of Xi’Abstract In this study, we have demonstrated the conformational changes to DNA induced by abnormal
interactions of copper using circular dichroism, in combination with UV-absorbance and ﬂuorescence
spectroscopy. Results conﬁrm that binding of copper to bases of DNA in chromatin is concentration
dependent. Binding efﬁciency of Cu2+ ions to DNA is increased in proportion to the degree of unwinding
of the double helix induced by denaturation. Altered B-DNA conformation will alter the integrity of DNA
which may affect the normal process of DNA replication and transcription. Copper induced DNA damage
in the brain may cause neurotoxicity and the neuronal cell death and is implicated in Alzheimer's disease
and other neurological disorders.
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an Jiaotong University.1. Introduction
Chromatin is the combination of DNA and proteins that make up
the contents of the nucleus of eukaryotic cells. The primary
functions of chromatin are: to package DNA into a smaller volume
to ﬁt in the cell, to strengthen DNA to allow mitosis and meiosis
and prevent DNA damage. It also helps to control gene expression
and DNA replication [1]. An alteration in the chromatin organiza-
tion may lead to the neuronal cell death and loss of regulation ofvier B.V. All rights reserved.
Role of copper in neurodegenerative disorders 355DNA methylation, leading to altered gene expression as observed
in many neurodegenerative disorders [2].
The chromatin structure is susceptible to change under condi-
tions of ionic strength, pH, temperature and interaction of divalent
metal ions with DNA [3]. The interaction of copper ions with
DNA has been of particular interest because of the involvement of
copper ions in regular activities such as cellular respiration and
neurotransmitter biosynthesis etc.
Copper works as cofactor for numerous enzymes and plays an
important role in the development of central nervous system.
However, excessive levels or perturbation of copper metabolism
can lead to accumulation of copper preferentially in heterochromatin
regions and cause intracellular toxicity [4,5]. The redox properties
of copper can cause oxidative damage to DNA. Copper induced
DNA damage may probably lead to neuronal dysfunction, critical
failure of biological functions and ultimately cell death contribute to
neurological disease [6]. Copper functions as a “double whammy”
in the brain by generating large number of DNA attacking reactive
oxygen species (ROS) via a Fenton reaction, which causes
catastrophic damage to lipids, proteins and DNA [7].
Copper can also directly bind to protein and DNA leading to
structural and functional modiﬁcations and is involved in chro-
matin condensation. For this reason, copper is one of the strongly
suspected etiological factors in neurodegenerative disorders such
as, Alzheimer's disease, Parkinson's disease, Huntington disease
and familial amyotrophic lateral sclerosis [8].
Here we have studied the properties of chromatin with respect to
conformational changes and damage as a consequence of interaction
with copper. Structural and conformational aspects of the interaction
of copper with chromatin are studied by a variety of spectroscopic
techniques including UV-visible spectrophotometry, optical melting
studies, circular dichroism (CD), circular dichroism melting studies
and ﬂuorescence spectroscopy. Temperature studies provide the
basis to understand the factors that dictate the stability and structure
of chromatin in the presence of copper.2. Materials and methods
2.1. Reagents
Copper chloride dihydrate, CuCl2  2H20 (Merck Schuchard), ethi-
dium bromide (EB), C21H20BrN3, (Amersham Life Sciences) and
Tris buffer (Sigma), were purchased and used without further
puriﬁcation.
The stock solutions of copper chloride (50 mM) and EB (5 mg/
mL) were prepared using Milli-Q water and stored at 4 1C in the dark
until use. The stock solution of Tris buffer was prepared by dissolving
2.4 g of Tris in 200 mL of Milli-Q water. The pH of the buffer was
set by the addition of dilute HCl and measured using digital pH meter
with a combined glass electrode (EUTECH Instruments).
2.2. Isolation of the nuclei from the brain samples
Nuclei were isolated from the cortex region of the human brain
(Brain bank, JSS Medical College, Mysore) according to the
method described by Usha Rani et al., 1986 [9]. In brief, brain
tissue was weighed (5 g) and perfused with normal saline to
remove any blood in the tissue. Brain tissue was cut into small
pieces and minced thoroughly. The minced brain tissue was
homogenized in 0.34 M sucrose in buffer-A (50 mM Tris–HCl
pH 7.5, 25 mM KCl, 5 mM MgCl2, and 0.5 mM PMSF) usinghomogenizer. The homogenate was ﬁltered through 2 layers of
cheese cloth and the ﬁltrate was centrifuged at 1000 g (3500 rpm)
for 10 min at 4 1C. The supernatant was decanted carefully and the
pellet was resuspended in 1 M sucrose in buffer-A. The suspended
pellet was homogenized using hand held homogenizer and
centrifuged at 100,000 g (42,000 rpm) in ultracentrifuge for 1 h.
The pellet obtained was washed with 1 M sucrose in buffer-A,
0.34 M sucrose and 0.34 M sucrose with 0.1% Triton X-100,
respectively. The pellet obtained was dissolved in Tris–HCl buffer
and the concentration of the nuclear suspension was determined by
taking absorbance at A260 in 1 mL of 2 M NaCl or 5 M urea.
2.3. Preparation of nuclei and soluble chromatin
Soluble chromatin was prepared from the isolated nuclei by
limited digestion of nuclei with micrococcal nuclease [10].
Nuclear suspension (100 μL) was mixed with 0.1 M CaCl2 and
incubated at 37 1C for 2 min. After incubation period, the nuclear
suspension was digested with micrococcal nuclease (50 units) by
incubating at 37 1C for 1 min. The reaction was stopped by 0.25 M
EDTA and centrifuged at 5000 rpm for 5 min. The pellet obtained
was suspended in 10 mM NaHSO3 and 1 mM EDTA (pH 7.5).
The soluble chromatin was used for the copper interaction studies.
2.4. Copper-chromatin binding studies
2.4.1. Spectrophotometric method
Spectrophotometric binding studies of copper with chromatin were
performed to understand the nature of the conformational changes of
chromatin on binding with copper. The electronic absorption studies
were investigated at pH 7.4 using a Jasco V-530 Spectrophotometer
equipped with a Peltier temperature controller. Chromatin sample
was prepared in Tris–HCl buffer (5 mM, pH 7.4, 400 mL) in the
presence and absence of CuCl2 (50 mM and 100 mM). Absorbance
spectrum was measured at wavelength between 210 nm and 320 nm
with a matched set of 1 cm path length quartz cuvettes. Buffer
baseline was subtracted with the Jasco software and the resultant
spectrum was recorded.
2.4.2. Circular dichroism studies
Circular dichroism (CD) spectroscopy is one of the most sensitive
techniques available for monitoring conformational properties of
DNA in solution. Copper induced conformational change of
chromatin was measured on a Jasco J-715 Spectro polarimeter at
25 1C. Spectra were recorded using a path length of 1 mm quartz
cuvette at 1 nm intervals in the wavelength between 200 and
320 nm. An average of four repetitive scans using a scan speed of
20 nm/min was taken into consideration. Chromatin sample was
prepared in Tris–HCl buffer (5 mM, 300 mL, pH 7.4) in the absence
and presence of different concentrations of CuCl2 (50, 100 and
500 mM). Buffer background was subtracted by using the built-in
feature of Jasco software and the resultant spectrum was recorded.
2.5. Thermal denaturation studies
2.5.1. Spectrophotometric method
UV-thermal denaturation of chromatin in the presence and absence
of CuCl2 was measured with Jasco V-530 spectrophotometer
equipped with Jasco ETC-505T temperature controller and cell
holder that permits temperature control using the temperature
control program.
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Melting studies of chromatin in the presence and absence of CuCl2
were performed on a Jasco J-715 spectropolarimeter connected to
model PTC-348WI, peltier type temperature control system.
Samples were recorded at wavelengths between 200 nm and
320 nm by varying the temperature from 20 oC to 100 oC.
2.6. Fluorescence studies of DNA structure and dynamics
EB replacement experiment was carried out to verify the local
structural information due to the interaction of copper with
chromatin. Fluorescence emission studies were carried out using
equimolar concentrations (1:1) of chromatin and EB. The EB
binding pattern of chromatin and the effect of different concentra-
tions of CuCl2 (100–500 mM) on the EB ﬂuorescence were
analyzed. Samples of DNA/EB solutions were excited at 530 nm
and emission spectra were recorded from 550 nm to 650 nm using
Jasco J-600 spectroﬂuorimeter.3. Results
3.1. Copper-chromatin binding studies
Spectrophotometric binding studies help in understanding ability of
chromatin to bind to copper and the nature of conformational changesWavelength (nm)
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Fig. 1 (A) Absorbance spectra of chromatin with varied concentrations of co
Absorbance spectra of chromatin with 50 mM copper at varied temperature. (Dthat occur to chromatin upon binding with copper. The absorbance
spectra of chromatin show the absorption maximum at 265 nm as
shown in Fig. 1A. Upon addition of CuCl2 (50 mM and 100 mM), there
was an increase in the absorbance with blue shift to 260 nm. On further
addition of copper, no change in the intensity was noticed indicating
saturation.
Circular dichroism (CD) is a useful technique for studying
conformational changes and the degree of asymmetry of bases of
DNA in chromatin [11]. Structural transition of chromatin in the
absence of copper, exhibits a characteristic positive peak at 275 nm
(Fig. 2A). CD spectra of chromatin between 250 and 300 nm are
dominated by DNA and proteins contribute very little to CD spectra of
this region [12–14]. Upon addition of copper to chromatin, a decrease
in the magnitude of both the positive and the negative bands was
noticed. This is due to complex formation between Cu2+ and the bases
of DNA. This was accompanied by a conformational change with a
cross over point at 245 nm as illustrated in Fig. 2A.
3.2. Thermal denaturation studies of chromatin
The thermal behavior of chromatin was monitored using UV/vis
absorbance spectroscopy. The melting temperature curves of DNA
are enhanced as the temperature increases and stabilized the DNA in
chromatin as shown in Fig. 1B and C. Identical melting curves are
produced free chromatin and chromatin with 50 mM copper. Melting
proﬁle of chromatin shown in Fig. 1D reveals two transitions, theWavelength (nm)
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Fig. 2 (A) Circular dichroism studies of chromatin with varied concentrations of copper. (B) Circular dichroism studies of chromatin at varied
temperature. (C) Circular dichroism studies of chromatin with 50 mM copper at varied temperature. (D) Circular dichroism studies of chromatin
with 100 μM copper at varied temperature. (E) Melting proﬁle of free chromatin and chromatin with 500 mM copper at 275 nm wavelength.
Role of copper in neurodegenerative disorders 357ﬁrst transition at 58.8 1C and the second at 70.27 1C. Upon addition
of 100 mM copper, Tm shifts to 60 1C and 72.5 1C.
Thermal denaturation studies of chromatin in the absence of
copper at variable temperature from 20 1C to 105 1C are shown in
Fig. 2B. Effect of 50 mM copper is shown in Fig. 2C, and 100 mM
copper is shown in Fig. 2D, the melting proﬁle of chromatin is alsoshown in Fig. 2E. There is an increase in intensity of both positive
and negative bands at the isodichroic point at 227 nm for chromatin
and at 229 nm in the presence of copper. These results indicated that
the CD transition happens in two states and the structural change was
cooperative. It also conﬁrms identical melting proﬁles of native
chromatin and chromatin with 50 mM and 100 mM copper [15].
M. Govindaraju et al.358The CD melting proﬁle in the presence and absence of copper at
275 nm shown in Fig. 2E is evidence for the above results.
3.3. Fluorescence studies of DNA structure and dynamics
The ﬂuorescence spectra of chromatin–EB complex excited at
530 nm and emission spectra were scanned from 550 to 650 nm as
shown in Fig. 3A. Upon addition of copper to chromatin, the
ﬂuorescence intensity of chromatin–EB complex is decreased with
increasing concentration of copper.4. Discussion
4.1. Copper-chromatin binding studies
The absorbance spectra of chromatin in this wavelength region
(Far UV) of the absorption spectra are sensitive to π–πn transitions
of the electrons of the purine and pyrimidine rings. This is due to
the increased positive base pair tilting of conformational change in
DNA [16]. The hyperchroism and blue shift (hypsochromic shift)
is due to binding of copper to the bases of DNA in chromatin.
Hydrogen bonds are disrupted by the process of partial unwinding
which induces structural changes such as loosening of base–base
interaction, base tilting and destabilization of the DNA double
helix leading to DNA denaturation [17]. The destabilization was
due to most probable binding sites in DNA such as Cu2+ to N7 of
guanine and N3 of cytosine in line with our present results and
with the predictions of Eichhorn and Clark [18,19].
CD spectra of chromatin showed a characteristic positive peak
at 275 nm (Fig. 2A) due to base stacking and a negative peak at
210 nm due to protein content. CD spectra of chromatin between
250 and 300 nm are dominated by DNA, chromatin as proteins
contribute very little to CD spectra of this region. Upon gradual
addition of copper to chromatin, a decrease in the magnitude of
both the positive and negative bands was noticed. These data
indicate that cationic copper binds to the anionic phosphate ions of
the DNA back bone, consequently, the lengthening of DNA which
induced the loss of conformation. Copper ﬁrst binds to anionic
phosphate [20] groups of the backbone and subsequently to the
bases, speciﬁcally to guanine [21] and cytosine [22] of DNA by24 Chromatin
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Fig. 3 Fluorescence emission spectra of free chromatin and chromatin
with copper.competing with hydrogen bands. This disrupts the interactions
between the bases of DNA and thereby weakening base stacking
[23] by tilting the bases leads to change in the winding angle.
As the winding angle increases, the magnitude of the band
decreases with a greater degree of twisting of the chain. Hydrogen
bonding forces play an essential role in the binding [24,25] which
may affect sugar puckering and change in the conformation of
guanine from anti to syn [19]. The negative super helical tension
and rearrangement in coordination caused by copper may drive
local transitions to alternate conformational change in the DNA
structures in chromatin. Binding of Cu2+ with adenine is similar in
interaction with the N7 position and the phosphate site would
represent a third copper-base binding site. Copper does not bind to
thymine but both the bases of GC pair are known to involve in the
copper complexes. DNA conformation is an important aspect for
the gene expression. This study provides evidence of copper
induced DNA damage in the chromatin organization and neuronal
cell death, which is implicated in many neurological disorders.4.2. Thermal denaturation studies
This study provides information about binding afﬁnity of copper
with DNA in chromatin and subsequent conformational changes to
DNA. It is known that double stranded DNA gradually dissociates
to single strands with increasing temperature [26]. Tm is strictly
related to the stability of the double helix and the interaction of
copper with DNA.
The thermal denaturation experiments by both UV and CD are
represented by two transitions. The small variation in Tm is
evidence that copper binds to anionic phosphate backbone and to
the bases depending upon the accessibility of DNA in chromatin.
The results of CD melting studies show that protein bound to DNA
in chromatin stabilizes DNA. Higher stabilization is due to the
compact binding of histones. Both CD and UV melting results
indicate that there is not much effect of temperature on DNA in
chromatin. This may be because the DNA bases in chromatin are
protected by associating with the chromatin proteins, so that the
bases are accessible for copper [27]. It is concluded that the basic
conformation of DNA in native chromatin is determined largely by
histones and nonhistone proteins. It is also seen that DNA is
greatly stabilized against thermal melting in the DNA–histone
complex. The small increase in Tm indicates that copper interacts
with DNA in chromatin and changes the conformation of
chromatin structure. It is also evidence that DNA is greatly
stabilized against thermal melting in the DNA–histone complex.4.3. Fluorescence studies of DNA structure and dynamics
Fluorescence spectroscopy is an important technique for probing
the structure and dynamics of nucleic acids. The utility of ﬂuore-
scence techniques stems the ability of ﬂuorophores to reﬂect
changes in their molecular environment through measurable
alterations in emission properties. The decrease in chromatin–EB
emission with the addition of copper indicates that binding of
Cu2+ions with chromatin –EB complex forms a new non-
ﬂuorescent complex of Cu–chromatin–EB, which causes the
ﬂuorescence quenching of chromatin–EB complex [28]. These
data show that Cu2+ ions bind to DNA in chromatin, resulting in
chemical DNA denaturation and the binding of copper is mainly
concentration dependent.
Role of copper in neurodegenerative disorders 3595. Conclusion
Our study showed that copper binds to bases of DNA in chromatin
by changing the winding angle of the helix. This induces the DNA
damage and alters the B-conformation. Altered B-DNA conforma-
tion will alter the integrity of DNA which may affect the normal
process of DNA replication and transcription. Copper induced DNA
damage in the brain may cause neurotoxicity and the neuronal cell
death and is implicated in Alzheimer's disease and other neurological
disorders. Hence copper is expected to become one of the key factors
for causing neurodegeneration. It is also concluded that histone and
nonhistone proteins present in chromatin protect DNA from
oxidative DNA damage and slowdown the age related diseases.
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